High resolution FTIR spectra of 13 C enriched tetrafluoroethylene (C 2 F 4 ) were measured at 150 K at the Australian Synchrotron. Rovibrational transitions were assigned in the a-type symmetric and b-type antisymmetric CF 2 stretches of 12 C 13 CF 4 and 13 C 2 F 4 near 1170 cm −1 and 1300 cm −1 , respectively. Ground vibrational state spectroscopic constants for both molecules were determined in addition to the upper state constants for ν 11 and ν 9 of 13 C 2 F 4 and ν 11 , ν 2 +ν 6 , and ν 5 of 12 C 13 CF 4 . The ground state constants, along with those determined for the 12 C 2 F 4 isotopologue from previously published data, were used to determine a semi-experimental r e structure r CC = 132.36 ± 0.37 pm, r CF = 131.11 ± 0.23 pm, α FCC = 123.3 ± 0.3
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• in excellent agreement with ab initio structures. Lower resolution FTIR spectra were measured between 100 and 5000 cm −1 at room temperature and band centres obtained for all modes of the three isotopologues; although only 5 out of 12 modes in 12 C 2 F 4 and 13 C 2 F 4 are infrared (IR) active, the others were inferred from combination and hot-band positions. A number of modes are observed to be infrared active only in the 12 
I. INTRODUCTION
Tetrafluoroethylene is used industrially in the production of various fluoropolymers, most notably polytetrafluoroethylene, Teflon. Rapid oxidation by hydroxyl radicals leads to an atmospheric lifetime of 1.9 days, therefore, the global warming potential is minimal (0.070 over 20 years) despite strong absorptions in the appropriate infrared windows. 1 Vibrational assignments of 12 C 2 F 4 date back to an infrared study in 1945 2 and a combined IR and Raman study in 1950; 3 the lowestwavenumber IR active band was measured in 1954 and the IR and Raman inactive torsion vibration estimated from thermodynamic data. 4 These assignments were summarised by Shimanouchi. 5 In earlier work by Robertson et al. 6 using a sample with natural isotopic abundance cooled to 160 K, high resolution spectra of the intense symmetric (ν 11 ) and antisymmetric (ν 9 ) CF 2 stretches in the mid-infrared region were measured. 6 The rovibrational data were used to generate ground state combination differences (GSCD) which were fitted to provide ground vibrational state rotational and centrifugal distortion constants not available from rotational spectroscopy since 12 C 2 F 4 does not possess a permanent dipole moment. The upper vibrational state spectroscopic constants for ν 9 and ν 11 were also determined in that study. The ground state constants were used to produce estimated equilibrium constants a) Permanent address: Weidachstr. 12, 85748 Garching, Germany. b) Author to whom correspondence should be addressed. Electronic mail: E.Robertson@latrobe.edu.au.
by subtracting computationally derived vibrational and electronic contributions. However, there was insufficient information to determine a definitive molecular structure because one set of rotational constants linked by the planarity relation provides only two geometric constraints but there are three structural parameters (r c=c , r CF , and α FCC ). An earlier electron diffraction study reported a thermal equilibrium structure (r g ), 7 but rotational constants calculated from this r g structure are significantly different to both the fitted ground state constants and the semi-experimental equilibrium constants presented in Ref. 6 . Improvements in the structural parameters of tetrafluoroethylene require the isotopic substitution method of Kraitchman. 8 A recent ab initio study by Feller et al. performed a number of geometry optimizations on tetrafluoroethylene using high level coupled cluster theory with large correlation consistent basis sets. 9 This study also included corrections for core/valence interactions and relativistic effects which had been shown to produce structures in excellent agreement with experimental equilibrium structures of difluoroethylenes. 10 In the present study, we first improve the normal mode assignments and include assignments for the two 13 C isotopologues. A number of vibrational modes are found to be IR active only in the 12 C 13 CF 4 isotopologue due to its different (C 2v ) symmetry. Second, in order to simplify the spectrum the high resolution FTIR spectrum of 13 C enriched C 2 F 4 has been measured in a long path cell 11 cooled to 150 K. This technique provides spectra that are more amenable to analysis and has been used successfully by this b Band assigned from combination modes (see Table II ). c Shift in band position from 12 C 2 F 4 is calculated from MP2 calculations (see Table III ). d Symmetry dictates that there is no shift in band position with isotopic substitution. e Measured by high resolution spectroscopy (the number presented is truncated). f Measured directly at low resolution (see Figure 2 ). g Determined via spectral subtraction, see Figure 6. group for the study of a number of different halocarbons large enough to make their room temperature spectra difficult or impossible to assign. [12] [13] [14] [15] [16] [17] The cold cell is now located at the high resolution infrared and far-IR beamline at the Australian Synchrotron which has been used in previous studies to provide a higher signal to noise ratio than thermal sources. [17] [18] [19] [20] This combination of synchrotron and collisional cooling cell optimized the prospects of assigning mixed isotopologue spectra in this work.
II. EXPERIMENTAL
Isotope enrichment was achieved by the selective dissociation of CHClF 2 to generate CF 2 by CO 2 laser photolysis. 21 The final products of this process (C 2 F 4 and HCl) were separated from the remaining precursor by low temperature distillation and HCl was then removed by contact with moist KOH. The resulting ratio of isotopologues in the process is 1:2:1 for 12 C 2 F 4 : 12 C 13 CF 4 : 13 C 2 F 4 as measured by mass spectrometry and confirmed by infrared spectroscopy.
High resolution FTIR spectra of the symmetric and antisymmetric stretch bands were recorded at the far-IR beamline of the Australian Synchrotron using a cell designed for enclosive flow cooling (EFC) which has been described in Ref. 11 . The stainless steel vacuum chamber of the EFC cell is located inside a large vacuum insulated glass Dewar where a flow of cold nitrogen gas cools the sample chamber to 150 ± 10 K, as measured by K-type thermocouples and an iron rhodium thermistor inside the vacuum chamber. By reducing the thermal population of excited vibrational states the congestion caused by hot bands was reduced significantly because at room temperature only ≈22% of the molecules are in the ground vibrational state while at 150 K this increases to 69%. At this temperature the Doppler width of the rovibrational lines is also reduced by approximately 30% resulting in measured line widths close to the instrumental line width.
The cooling cell, set to a 2.5 m optical path length, was fitted with calcium fluoride windows and coupled to a Bruker IFS125HR spectrometer equipped with a KBr beamsplitter and an external mercury-cadmium-telluride detector. Sample pressure was maintained at 0.1 mbar and 148 co-added scans were recorded at a nominal resolution of 0.00096 cm −1 . Far infrared spectra (100-600 cm −1 ) were also measured at 0.1 cm −1 spectral resolution using a 10 cm room temperature cell with polyethylene windows; the sample pressure was ≈50 mbar. The Bruker IFS125HR was equipped with a liquid helium cooled silicon bolometer and a 6 μm Mylar beamsplitter.
Low-resolution spectra (0.2 cm −1 ) were also recorded at the Max Plank Institute in Garching using 10 cm and 1 m path length gas cells with KBr windows and coupled to a Perkin-Elmer FTIR 2000 spectrometer equipped with a KBr beamsplitter and a DTGS detector to measure the region 400-4000 cm −1 . These spectra used a variety of higher sample pressures (400-2000 mbar) in order to allow assignment of the combination and overtone bands.
III. RESULTS AND DISCUSSION

A. Vibrational assignment
The two monoisotopic species of C 2 F 4 have D 2h symmetry while the mixed isotopologue ( 12 C 13 CF 4 ) has C 2v symmetry. Previous studies on the 12 C 2 F 4 isotopologue 5, 6 have used the III r representation (x,y,z) = (a,b,c) for the symmetry assignments and corresponding vibrational mode number labels. However, the 12 C 13 CF 4 isotopologue cannot be properly described by C 2v symmetry in this representation since the carbon-carbon bond lies along the C 2 axis which, by convention, is the z-axis. Here, we present the vibrational assignments for all three isotopologues with symmetries designated in the conventional I r representation with the z-axis along the C=C bond and the y-axis perpendicular to the plane of the J. Chem. Phys. 137, 214301 (2012) 23 from MP2/ccpDVZ calculations using GAUSSIAN03. 24 The symmetric and antisymmetric CF 2 stretches of 12 C 13 CF 4 (left) and 13 Of the 6 modes of 12 C 13 CF 4 that become IR allowed as the symmetry changes from D 2h to C 2v , most have very weak infrared intensity and were not observed. A notable exception is ν 5 at 1300 cm −1 which was measured at high resolution (see details in Secs. III E and III F). The ν 1 C=C stretching mode may also have been observed at low resolution in an absorption near 1840 cm −1 . The band centre for the ν 11 symmetric CF 2 stretch near 1175 cm −1 was determined with high accuracy from high resolution spectra. Other infrared active modes measured at lower resolution (0.2 cm −1 ) were the ν 9 antisymmetric CF 2 stretch near 1340 cm −1 , the ν 12 CF 2 rocking mode near 550 cm −1 (Figure 2 (c)) and the ν 7 CF 2 wagging mode near 400 cm −1 (Figure 2 (b)) which both contained intense Q-branches which allowed for the bands centres from all three isotopologues to be determined to within 0.1 cm −1 . The ν 10 CF 2 rocking mode near 210 cm −1 (Figure 2 (a)) has less separation between isotopologues and the shifts were derived from MP2 calculations (see Sec. III B).
FIG. 1. Atomic displacement vectors from GaussView
The infrared inactive modes were derived indirectly from a number of combination and difference bands; these are listed in Table II and the bands used for the ν 8 assignment are shown in Figure 3 along with a survey spectrum. Whereas difference bands do not need any anharmonic correction to extract the fundamental wavenumber values, sum bands do and the appropriate anharmonic constants were determined from observed hot bands and subtracted in order to give the band centre of the fundamental. The shifts in the combination band positions between isotopologues were in general found to be a linear combination of the shifts of the component fundamentals. Assignment of a number of combination and difference bands resulted in a consistent set of isotopic shifts for all fundamental modes with the exception of ν 3 and ν 10 where the combination modes were too weak and the isotopic shifts too small to be observed. In these cases, the shift was calculated from anharmonic MP2/cc-pVTZ calculations. These calculations were generally found to be accurate to within ≈0.5 cm −1 for other modes and are in agreement with shifts calculated using the Teller-Redlich product rule.
25 Table II shows a summary of the combination and difference bands used to determine band centres for the fundamentals. A full table of all observed combination modes is included in Table S1 of the supplementary material.
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B. Quantum mechanical calculations
The vibrational assignment was aided by a number of harmonic wavenumber calculations performed with the GAMESS code 26 using the B3LYP hybrid density functional or MP2 theory. The basis sets used included Pople's triple split (6-311), 27 the Dunning-type correlation consistent (ccpVnZ), 28 and Ahrich's contracted Gaussians (nZV) 29 with various diffuse and polarisation functions added. Anharmonic calculations were also performed, using GAUSSIAN03 (C.02) 24 at the MP2 level and using the Dunning type basis sets. The cc-pVTZ basis set, chosen as the best compromise between accuracy and computational cost, was used to calculate shifts in vibrational wavenumber values from 12 C 2 F 4 for the two 13 C isotopologues which are compared to the experimentally determined shifts in Table III. FIG. 3. Infrared spectra of the isotopically enriched sample showing many of the bands with moderate IR intensity (lower panel), and expanded to show selected combination modes that were used to determine band centres of the IR inactive modes (upper panels).
Generally shifts in vibrational frequency with isotopic substitution are caused only by the nuclear kinetic energy terms in the Hamiltonian and indicate the amplitude of motion of the substituted atom. The calculated shifts are very close to the observed shifts except in the case of ν 2 , the symmetric CF 2 stretch, and the ν 5 /ν 9 antisymmetric CF stretching modes. The ν 2 symmetric CF 2 stretch has A g symmetry and is entangled via Fermi resonances with a number of interacting levels:
. The anharmonic calculations indicate the magnitude of some of the relevant Fermi terms (W 2,33 = 4.5 cm −1 and W 3,44 = 2.9 cm −1 for each isotopologue), but the computed energies of these levels relative to ν 2 are not quite right and so neither are the computed isotopic shifts in consequence. Similarly, discrepancies in the antisymmetric CF 2 stretch shifts may be attributed to the strong Fermi resonance interactions which are discussed in detail in Sec. III F.
The poor prediction of these modes should not affect the assignment of the shifts in ν 3 and ν 10 which were too small to be observed in the spectrum; the calculated shifts are <1 cm −1 and the Teller-Redlich product rule 25 also predicts shifts of near zero in both cases.
The GAMESS Hessian output files from these calculations were used as an input for the harmonic force field analysis program VIBCA 30 which generates rotational and centrifugal distortion constants and Coriolis zeta parameters. These were used to aid the rovibrational analyses presented in Secs. III E and III F. The optimized geometries that were used in these calculations also aided the structural analysis (Sec. III D), however, none of the ab initio structures improved on those presented previously. 6, 10 
C. Ground vibrational states
The a-type symmetric stretches (ν 11 of 13 C 2 F 4 at 1160.0 cm −1 and ν 11 of 12 C 13 CF 4 at 1173.0 cm −1 ) were measured at high resolution and a total of 1658 and 1719 rovibrational transitions were assigned for the modes, respectively. The b-type antisymmetric stretching region was more complex with three observed bands for 12 ( J = 2 K a = 0, K c = 2) GSCD pseudotransitions while the b-type bands generated both q S and s S ( J = 2, K a = 2, K c = 0) type GSCDs. The GSCDs for all three isotopologues were combined and fitted to Watson's A-reduced Hamiltonian 31 in the I r representation using Pickett's SPFIT program. 32 The rotational constants (A, B, C) were fitted independently for each molecule while the centrifugal distortion constants were fitted with fixed ratios to those of 12 C 2 F 4 . The ratios for each centrifugal distortion constant were determined from the MP2/TZV+(3df) calculation described above; these ratios varied by less than 0.1% between basis sets and levels of theory. Fitting the constants in this manner reduced the uncertainties in the rotational constants by a factor of ≈2. The transitions in the present experiments were assigned an uncertainty of 0.00028 cm −1 (0.0002 cm
, transitions of 12 C 2 F 4 from the previous study 6 were assigned an uncertainty of 0.00042 cm −1 (0.0003 cm −1 × √ 2). The fitted r 0 constants are shown in Table IV along with semi-experimental equilibrium rotational constants.
D. Geometry
The geometry of tetrafluoroethylene can be fully described by three parameters, r CC , r CF , α FCC . In previous work on this molecule, Robertson et al. 6 used the ground state constants of 12 C 2 F 4 and subtracted both the vibration-rotation contributions calculated from a MP2 harmonic force field and the small contribution from out-of-plane π electrons to obtain an inertial defect of −0.0002 uÅ 2 . The resulting rotational constants were assumed to be close to the equilibrium constants and by fixing one of the structural parameters (α FCC ), the remaining two parameters could be fitted to the rotational constants; three such self-consistent structures were reported and the intermediate one is listed in Table V . Now, the isotopic substitution of the carbon atoms allows for the calculation of the C=C bond distance directly from the three sets of ground state rotational constants via Kraitchman's equations. 8 This calculation found the r s /r 0 bond distance to be 131.3 ± 0.4 pm, the error arises from propagation of the errors in the rotational constants and includes the Costain error. 43 The remaining two structural parameters (r CF and α CFF ) were fitted to the ground vibrational state rotational constants and are shown in Table V as the r s /r 0 structure. It compares very well with the r g electron diffraction structure. Both r s and r g structures include the effects of nuclear motion, and so neither is directly comparable to the equilibrium structures from ab initio calculations: the C=C bond distances are shorter and the C-F bond distances longer than the theoretical values. Semi-experimental equilibrium rotational constants (Table IV) inertial defects are close to zero, as expected for a planar equilibrium structure. A further indication that the r SE e constants are sensible is the comparable values of A e obtained for each isotopologue; they should be the same given that the carbon atoms lie along the a-axis in C 2 F 4 . The r SE e constants were used to find the equilibrium coordinates of the substituted carbon atoms and hence the C=C bond distance. The C-F bond distance and the bond angle were then fitted to the equilibrium rotational constants using Kisiel's fitting program STRFIT. 44 This structure, with r CC = 132.36±0.37 pm, r CF = 131.11±0.23 pm, and α FCC = 123.26 ± 0.16
• , is shown in Table V as r SE e . Significantly, all three geometric parameters agree within experimental uncertainty with most ab initio calculations including the high level "composite" method which attempts to account for the small core/valence interaction effect on carbon-carbon bond distance (≈0.3 pm) as well as other deficiencies and performed very well with difluoroethylenes. 9 Uncertainties in the structural parameters may be reduced by improving the rotational constants via microwave measurements of 12 C 13 CF 4 which is predicted to have a small permanent dipole moment. Rotationally resolved far IR or improved mid-IR measurements may also be able to provide an increased range of ground state combination differences. Improved equilibrium rotational constants may also necessitate the use of a higher level of theory (e.g., coupled-cluster singles and doubles plus perturbative triples (CCSD(T))) or larger basis sets for the calculation of the vibration-rotational constants.
E. Rovibrational analysis: Symmetric stretches 1.
C 2 F 4 ν 11
The a-type ν 11 mode (B 1u symmetry) of the 12 C 2 F 4 isotopologue at 1187.6 cm −1 (Figure 4 ) was found to be essentially unperturbed, 6 however, a simple fit of the assigned lines of ν 11 of the 13 C 2 F 4 isotopologue (1160 cm −1 ) show local perturbations centred around transitions with K c = 47. The pattern of the perturbation (see the residuals plots in Figure 5 ) suggests a Coriolis interaction with another vibrational state along either the a-or b-axis with its energy levels approaching from below ν 11 and crossing over ν 11 Figure S1 of the supplementary material 46 ) a similar pattern in the residuals to that seen in the analogous mode of 13 C 2 F 4 (ν 11 ) with a number of important differences. First, no avoided level crossing is observed for J -K a = 0 and the residuals are negative for values of J below the level crossings and positive for those above it. This leads to the assumption that the interacting state approaches from above ν 11 rather than below. Second, the value of K c for these crossings changed markedly for different values of J -K c whereas the crossing occurred at consistent K c values in the 13 C 2 F 4 band. As a consequence, only three such crossings could be located with any certainty while seven such crossings were observed in the analogous band in the 13 C 2 F 4 molecule. While several dark state fits were trialed (see note accompanying Figure S1 ), these characteristics of the avoided crossings proved insurmountable hence the constants presented in Table IV in the fitting procedure.
Table VI are effective constants, fitted by excluding the transitions in the vicinity of the perturbation. An expanded section of the spectrum in the ν 11 region, with simulations of the 12 CF 2 13 CF 2 and 13 C 2 F 4 transitions is shown in Figure S2 of the supplementary material.
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F. Antisymmetric stretches
Our isotopically enriched sample was observed to produce five overlapping b-type bands between 1300 cm −1 and 1340 cm −1 as shown in Figure 6 . The interpretation of this region was aided by comparison of spectra, by ground state constants from rovibrational analysis and by computed vibrational properties as follows. The previous study of C 2 F 4 in natural abundance established that only one of the observed bands was from 12 C 2 F 4 : the ν 9 mode at 1340 cm −1 . The monoisotopic species each have two antisymmetric CF 2 stretches at approximately equal wavenumber values, but only one is IR active in each case. These modes involve the concerted motion of both carbon atoms. The carbon atoms displace in the same direction in the IR active mode (ν 9 , B 3u ) and in opposite directions in the Raman active mode (ν 5 , B 2g ), see Figure 1 . The ν 9 band of 13 C 2 F 4 at ≈1305 cm −1 was readily identified by its complete absence from natural abundance spectra measured at high pressure, and the isotopic form confirmed by analysis of the rotational constants as described below.
Due to the different masses of the displaced atoms in 12 the other moves in the two strongly IR active modes with B 1 symmetry that result. However, experimental spectra of the enriched sample show three additional b-type bands of comparable intensity, rather than two. One band near 1340 cm −1 was revealed when a scaled spectrum of a sample with natural abundance was subtracted from the spectrum of the isotopically enriched sample (see Figure 6) . A band at 1300 cm
is clearly evident as a trace feature in natural abundance spectra indicating that it is not due to 13 C 2 F 4 and the rotational analysis described below confirms that this band, along with another centred at 1321 cm −1 share a common set of ground state rotational constants consistent with the 12 for MP2/cc-pVTZ, −57 cm −1 for MP2/cc-pVDZ), being sensitive to the computed relative energies of the interacting ν 5 and ν 2 +ν 6 levels.
1.
12 C 13 CF 4 ν 5 and ν 2 +ν 6
The rovibrational assignment of ν 2 +ν 6 (1321 cm −1 ) was relatively straightforward as the band centre is in an uncongested region. A total of 1366 transitions were assigned, 924 of which belonged to series of equal J −K a and 442 from series with constant J −K c . These rovibrational transitions were fitted to the rotational constants and the quartic centrifugal distortion constants shown in Table VII Table IV in the fitting procedure.
transitions and simulations is shown in Figure S3 of the supplementary material. The ν 5 mode (1300 cm −1 ) on the other hand was much more difficult to assign due to its band centre occurring at the same position as the most intense lines of the P-branch of ν 9 of 13 The antisymmetric stretch of the 13 C 2 F 4 isotopologue (ν 9 , 1305 cm −1 ) also proved to be challenging to assign and to fit. The two overlapping bands of 12 C 13 CF 4 resulted in a congested spectrum where assignment was difficult. When the spectrum was displayed vertically in MACLOOMIS, 45 a Loomis-Wood spectral analysis program, considerable overlap was observed between adjacent series of transitions, both those with constant J −K a and those with constant J −K c . This limited the number of transitions that could be firmly assigned to 933. Furthermore, avoided crossings were detected for both types of series suggesting a dark state originating below ν 9 that interacts via Coriolis resonance along the b-axis. However, no fit that included such a state successfully converged with meaningful rotational constants. Table VII shows an effective fit that predicts line positions in the quantum number range given to within 0.005 cm −1 . Residual plots that show the avoided crossings (and details of the possible dark states) are given in Figure S4 of the supplementary material. 46 The values of the centrifugal distortion constants, particularly JK and the large RMS error of the fit (6.85) clearly show that this fit isn't representing the system physically however it may still be useful in predicting line positions. The α values are consistent with those from the corresponding 12 C 2 F 4 band, and in excellent agreement with the calculated set. In general, the anharmonic MP2/cc-pVTZ alpha values for the fundamentals in Tables VI and VII closely match experiment and support the assignments. For the combination levels, the α A values happen to be poorly predicted, probably because of a-axis Coriolis interactions that are not properly accounted for by the approximation of adding alphas from the constituent fundamentals.
Additional figures, a full table of all observed combination modes, details of ground and excited state fits of rovibrational transitions from SPFIT, the fitted geometry from STRFIT, and vibration-rotation data from VIBCA are supplied as the supplementary material. 46 
IV. DISCUSSION AND CONCLUSIONS
High resolution FTIR spectra of carbon-13 enriched C 2 F 4 were used to determine ground vibrational state rotational constants for 12 C 13 CF 4 and 13 C 2 F 4 for the first time. These were used, along with rotational constants for 12 C 2 F 4 to determine a r s /r 0 substitution structure very much in line with the previous r g electron diffraction structure. Removing the effect of nuclear motion, anharmonic vibration rotation parameters were used to compute semi-experimental r SE e rotational constants and thus evaluate the equilibrium C=C bond distance to be 132.36 ± 0.37 pm via Kraitchman's substitution equations. This bond distance allowed the remaining two equilibrium structural parameters to be determined. Table V shows a comparison with available structures for related halo-substituted ethenes. Some caution is required when comparing different types of structures, and in particular the r g parameters are not always consistent with spectroscopic ones (e.g., 1,1-C 2 H 2 F 2 ) or indeed with other electron diffraction determinations (e.g., C 2 H 3 F). Nevertheless, the data points to the C=C bond distance of ethene decreasing slightly with fluorine substitution. It is interesting that C 2 F 4 and both isomers of 1,2-C 2 H 2 F 2 have essentially the same C=C equilibrium bond distance while 1,1-C 2 H 2 F 2 has a significantly shorter bond distance. In contrast, substitution with other halogens results in a slight increase in the C=C bond distance. The differences in C-F equilibrium bond distance are more pronounced, decreasing from 133.9 pm in trans-C 2 H 2 F 2 to 131.57 pm in 1,1-C 2 H 2 F 2 and 131.11 pm in C 2 F 4 .
Table V also includes wavenumber values for C=C stretch vibrations of the substituted ethylenes. A clear trend is seen for large increases from 1623 cm −1 in C 2 H 4 through to an exceptionally high 1874 cm −1 for C 2 F 4 . It is a striking result that perfluoro substitution decreases the bond distance by less than 1.5% while the vibrational frequency increases by 15%. The large wavenumber shifts have been noted previously by Kurbakova et al. 47 and attributed to increasing localisation of the C=C coordinate in the normal mode, from just 53% of the potential energy in ethylene to 80% in C 2 F 4 (or 73% according to our MP2/TVP+(3df) calculations). They also noted that these shifts could be exploited to identify and quantify mixtures of fluoroethylenes.
The upper state rotational and centrifugal distortion constants for ν 11 of 13 C 2 F 4 and ν 2 +ν 6 of 12 C 13 CF 4 were determined along with effective constants for ν 11 and ν 5 of 12 C 13 CF 4 and for ν 9 of 13 C 2 F 4 . These bands in the CF stretch region dominate the IR spectrum of tetrafluoroethylene, having intensities far greater than any of the other fundamentals. Substitution of a single 13 C in 12 C 13 CF 4 leads to dramatic changes in the spectrum of the ν 5 and ν 9 antisymmetric CF stretch modes. The nuclear motions are reconstituted such that both fundamentals are symmetry allowed rather than just ν 9 , and both of them have strong IR intensity. Furthermore, these fundamentals share their IR transition strength with a third, ν 2 +ν 6 combination level via strong Fermi resonance induced mixing. The ν 1 band may also have been observed in lowresolution spectra (with interference from another band) in the mixed isotopic species.
Also, the wavenumbers of the fundamentals extracted from the low-resolution IR spectra are improved over previous values, even where they were deduced from combination bands, because the necessary anharmonic corrections were able to be applied. A value was derived for the torsional vibration (ν 4 ), which is neither IR nor Raman active and was previously only estimated from thermodynamic data. 4 A much better contour than previously reported 4 was measured for the lowest-wavenumber IR active band (ν 10 ) and its band origin (confirmed by a combination band); whereas the band origin is near the minimum of this contour, a satellite maximum at 195 cm −1 might be due to a Coriolis resonance with ν 4 , transferring some intensity to this torsional vibration as suggested already in Ref. 4 and further supported by the high calculated coupling constant reported by Castro. 
